The sit-to-stand (STS) movement is performed throughout the day, and providing handrails is one method of making the STS movement easy. However, designers may have determined the installation position of handrails using intuition and trial and error. The aim of this study is to determine the optimum position and orientation of handrails by minimizing the quantified physical load of the STS movement. Twelve university students participated, and eight electromyograms (EMGs), namely, of the brachioradialis, flexor carpi ulnaris, extensor carpi radialis longus, latissimus dorsi, right and left rectus femoris, and right and left tibialis anterior, were recorded. Observations with handrails at various tilt angles and forward distances from the edge of the seat were analyzed for the optimization. The total physical load (TPL) function was formulated as the weighted sum of the EMGs. The weight coefficients were determined by maximizing the correlation coefficient between the measured subjective scores and the TPL function values. The result shows that the handrail installation position significantly affects all of the EMGs except those of the right and left rectus femoris. The weight coefficients of the TPL function are positive for the upper limb muscles, whereas they are zero for the lower limb muscles. The handrail position for multiple users was formulated to minimize the TPL function, and hence the optimum position was determined.
Introduction
The sit-to-stand (STS) movement is one of the most frequently performed functional activities of daily living (Dall and Kerr, 2010) . Many researchers have studied the STS movement from a chair (Kerr, et al., 1991; Janssen, et al., 2002) . Providing handrails is one method of facilitating easy STS movements (Burdett, et al., 1985; Alexander, et al., 1991; Arborelius, et al., 1992) . In 2012, the Japanese Ministry of Land recommended a range of positions for the installation of handrails in toilets and bathrooms. Designers may have determined the recommended range of the installation position using intuition and trial and error. However, for objective and efficient design of the handrail position, the optimum position is determined by minimizing the quantified physical load of the STS movement.
Several studies have investigated the effects of handrail position on the physical load of STS movement. Arborelius et al. (1992) measured the joint moment and obtained electromyograms (EMGs) while the STS movement was performed with and without an armrest. Takada et al. (2009) investigated the effect of the physical load during the third trimester of pregnancy when a handrail was used. These studies confirmed that armrests and handrails reduced the physical load of the lower limbs during the STS movement. Kinoshita (2012) evaluated the effect of horizontal handrail position on the STS movement by measuring the joint moment and recording EMGs. Four types of handrail positions were compared: no handrails, both high, both low, and high and low. The high and low position yielded the lowest physical load. Dekker et al. (2007) investigated the comfortable position of vertical and horizontal handrails in toilets. Through subjective evaluation of elderly subjects, the preferred installation range of vertical and horizontal handrails was determined. Note that most of the subjects preferred vertical handrails over horizontal handrails for the STS movement.
The above-mentioned studies confirmed that the use of handrails during the STS movement reduces the physical load. The relative order of the effect of a few types of handrail on the physical load reduction was also investigated. In addition, the preferred installation range of handrails was determined by subjective evaluation (Dekker, et al., 2007) . However, it was not determined by an objective indicator. Because designers adjust the installation position by interaction with users, subjective evaluation can determine the handrail installation position when the handrail will be used by a limited number of people who are known in advance, for example, when handrails are installed in a single-family house. However, the handrail position for multiple users, for example, in public facilities, should be determined on the basis of an objective and quantitative indicator, because the optimum installation positions of each user differ, and designers cannot comprehend the optima of all users.
The aim of the present study was to determine the optimum installation position of handrails for multiple users on the basis of an objective indicator. We focused on vertical handrails, as they were preferred over horizontal handrails for support of the STS movement (Dekker, et al., 2007) , and the EMG was used as the objective indicator. EMGs of the upper and lower limbs were recorded during the STS movement. Several studies have investigated the effects of handle orientation on the pull and push forces (Young, et al., 2009; Seo, et al., 2010; Lin, et al., 2012; Ehrlich, et al., 2013; Young, et al., 2013) . They suggested that the maximum pull and push forces occur when the forearm is in line with the forces and the wrist is in the neutral posture. The results are not directly applied to the evaluation of the STS movement because of the differences in the testing postures. However, characteristics of handle orientation such as the tilt angle and forward distance from the edge of the seat face (hereafter referred to as the forward distance) may contribute to reducing the physical load of the STS movement. The reason is that the forearm position and wrist joint angle will vary with the tilt angle and forward distance, and thus the pulling strength during the STS movement will vary. Therefore, in this study, handrails with various tilt angles and forward distances were used for the STS movement. Other factors such as the handrail diameter and seat height also affect the physical load. However, it is hard to simultaneously consider all the factors potentially affecting the STS movement because the number of experimental conditions becomes excessive. The position and orientation of handrails can be adjusted more easily than the handrail diameter and seat height when users purchase and install a handrail. Thus, we focused on the tilt angle and forward distance of handrails, and the other factors were determined according to the recommended dimensions in the architectural standards of the Japanese Ministry of Land (2015), which will be described in Section 2.1. A radial basis function (RBF) network (Orr, 2015) was used to construct the response surfaces of the EMGs, and the weighted sum was employed to define the total physical load (TPL). Subsequently, the handrail position for multiple users was determined such that the TPL function for all users is minimized, and the optimum installation position was determined.
Method

Experimental method
Subjects
Twelve healthy Japanese subjects (six males and six females), aged between 21 and 24, participated in this experiment. All the participants were university students and right-handed, and none had musculoskeletal disorders. Their mean (SD) stature, body mass, and acromial height (sitting) were 1648 (75.7) mm, 57.0 (10.8) kg, and 601 (30.8) mm, respectively. This experiment was approved by the Research Safety and Ethics Committee of Hino campus, Tokyo Metropolitan University.
Experimental conditions
The experimental factors in this study were the tilt angle  and forward distance d. Figure 1 shows the definitions of the experimental factors. The tilt angle and forward distance were −45, 0, or 45 and 150, 250, or 350 mm, respectively. The experiment was conducted under nine different conditions. The chosen handrail had a diameter of 32 mm, and the side distance between the handrail and the median line of the subjects was set to 350 mm. The values of the forward distance, handrail diameter, and side distance were determined according to the architectural standards of the Japanese Ministry of Land (2015) . To determine the grasping height of the handrail, the preferred grasping heights of all the subjects were measured in a preliminary experiment. The average preferred height was approximately 1.3 times the acromial height. This agrees with a previous study in which the grasping height of a vertical handrail was found to converge on the range between acromial and eye height (Dekker, et al., 2007) . Therefore, in this study, the grasping height was set to 1.3 times the acromial height of each subject. The seat of the chair was set 400 mm above floor level on the basis of the Japanese Industrial Standards (1994) .
The subjects stood up at their own pace using the handrail, which was set on their right side. The subjects were asked to grasp the handrail with their right hand. The experiment was repeated three times for each condition with a three minute break after each trial. In addition, the measuring sequence was randomized to minimize the confounding effect related to the order of exposure. 
Measurements
The eight target muscles were the brachioradialis (BRA), flexor carpi ulnaris (FCU), extensor carpi radialis longus (ECR), latissimus dorsi (LD), right and left rectus femoris (R-RF and L-RF), and right and left tibialis anterior (R-TA and L-TA). The BRA, FCU, ECR, and LD on the right side of the body were measured. The attachment positions of the surface electrodes for each target muscle were as follows: electrodes were placed at approximately one-quarter the distance between the lateral epicondyle of the humerus and the radial styloid process for the BRA, approximately one-quarter the distance between the lateral epicondyle of the humerus and the pisiform for the FCU, approximately half the distance between the lateral epicondyle of the humerus and the second metacarpal for the ECR, half the distance between the spine and the lateral edge of the torso for the LD, approximately half the distance between the knee and the iliac spine for the RF, and approximately one-quarter to one-third the distance between the knee and the ankle for the TA (Criswell, 2008; Perotto, 2011) .
A surface electrode (SX230-1000, Biometrics Ltd.) with a sampling rate of 500 Hz recorded the EMGs. The EMG signals were rectified and low-pass filtered (2 Hz) for noise rejection, and resampled with a sampling rate of 10 Hz. In addition, the processed EMGs were normalized relative to the maximum voluntary contraction (MVC). The MVCs were obtained for each muscle using manual resistance. The isometric contractions lasted 5-6 s. In this study, the maximum value of %MVC during the STS movement was evaluated as the indicator of muscle load. In addition, the subjective difficulty of STS movements for each handrail position were collected on a scale of 1 to 5, where 1 is "very easy," 2 is "easy," 3 is "neutral," 4 is "difficult," and 5 is "very difficult."
Statistical analysis
A two-factor analysis of variance (ANOVA) was conducted to examine the effects of the tilt angle and forward distance on the EMGs and subjective score. The tilt angle and forward distance were set as the control factors, and the subject was set as the block factor. The RBF network (Orr, 2015) was used to construct the response surfaces of the eight EMGs, represented as m i (, d) . Here, the index i indicates the target muscle, where i = 1 for the BRA, 2 for the FCU, 3 for the ECR, 4 for the LD, 5 for the R-RF, 6 for the L-RF, 7 for the R-TA, and 8 for the L-TA. The average %MVC of each EMG and the installation position (i.e., the tilt angle and forward distance) were the objective and explanatory variables, respectively. The RBF network performs well in terms of accuracy and robustness, irrespective of the degree of nonlinearity. Additionally, it is robust against experimental errors or noise (Jin, et al., 2001 ). Thus, we consider the RBF network to be a dependable method of approximating the EMGs because the degree of nonlinearity in the EMGs is difficult to predict, and the measured EMGs unavoidably contain experimental errors and noise. A detailed procedure for constructing a response surface using the RBF network is provided in the Appendix.
Formulation of TPL function
If the trends of all the EMGs with respect to the installation position correspond with each other, one of the EMGs can be used as the representative value for all of them. However, there is no single installation position minimizing all the EMGs simultaneously (Kothiyal and Kayis, 2001; Jin, et al., 2009 ). Therefore, a TPL indicator is needed to determine the optimum handrail installation position. Eksioglu (2004) used the sum of multiple muscle loads as the indicator of comprehensive muscle load so as to determine the optimum grip span for a power grip exertion. In this study, the TPL function was formulated as the weighted sum of the EMGs m i (, d) so that the function reflects the relative impact level of each EMG. The TPL T is defined as follows:
where w i = [0, 1] denotes the weight coefficient for the i-th EMG. The weight coefficients were determined by maximizing the correlation coefficient between the measured subjective scores and the TPL function values. The optimization problem for determining the weight coefficients is formulated as follows:
where s = {s 1 , s 2 ,…, s 9 } T denotes the subjective score vector, and s j is the measured subjective score for the j-th experimental condition. Similarly, t = {t 1 , t 2 ,…, t 9 } T denotes the TPL vector, and t j is the TPL predicted by Eq. (1) for the j-th experimental condition. The correlation coefficient between the subjective score vector and the TPL vector is denoted as r(s, t). Note that the correlation coefficient is determined using the data obtained under the nine experimental conditions.
Formulation of optimization problem of handrail installation for multiple users
The installation position of handrails for multiple users should be designed considering the diverse characteristics of users. In this study, the variety among subjects affects the grasping height, which was set at 1.3 times the acromial height of each subject. In addition, the forward distance will also change with the grasping height if the tilt angle is not 0. Therefore, the installation position should be determined considering the variability of the acromial height of each user in order to reduce the TPL for the entire range of users.
The optimization problem of the installation position for multiple users was formulated as the minimization function of the sum of the TPLs for all users. Let us define a std as the acromial height for a standard user and d std as the forward distance at a std .
The forward distance for an arbitrary acromial height is given as follows ( Fig. 2) : where a denotes the acromial height. Let us define a min and a max as the minimum and maximum acromial height of the multiple users, respectively. Equation (5) is substituted into Eq. (1), and the minimization of the TPL of multiple users is formulated as follows: 
 
Equation (6) denotes the objective function for the optimization problem. The substitution of Eq. (5) makes Eq.
(1) a function of the tilt angle , forward distance at the standard acromial height d std , and acromial height a. Equation (6) denotes the integrated TPL in the range of multiple users. Equations (7)- (9) are the constraints on the tilt angle, forward distance at the minimum acromial height, and forward distance at the maximum acromial height, respectively. The optimum tilt angle and forward distance at the standard acromial height ( * , d std * ) are determined by solving the optimization problem above, and the optimum installation position is determined. In this study, the 5th percentile (525.0 mm), 50th percentile (573.5 mm), and 95th percentile (626.0 mm) of the acromial height for Japanese young adults aged between 18 and 29 (National Institute of Advanced Industrial Science and Technology, 2015) were used for the minimum, standard, and maximum acromial height. The TPL and each %MVC of the optimum for all the users were compared with the optimum for the standard user and the intermediate installation level ( = 0 and d = 250 mm) to investigate the effectiveness of the optimum solution for multiple users. Here, the optimum for the standard user was determined by minimizing Eq. (1) without integration, and then the optimum tilt angle and forward distance were applied to the grasping height for the 50th percentile of the acromial height. 
Results
EMGs
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[F (2, 88) = 3.27, p < 0.05] significantly affect the ECR. Furthermore, the forward distance greatly affects the LD [F (2, 88) = 15.9, p < 0.01], R-TA [F (2, 88) = 8.51, p < 0.01], and L-TA [F (2, 88) = 11.5, p < 0.01]. Both the tilt angle and forward distance had no effect on the R-RF and L-RF. Fig. 3 Average subjective score and %MVC for each target muscle. Figure 3 shows the average subjective score and %MVC for each target muscle. The subjective score decreases as the tilt angle is lowered. Furthermore, irrespective of the tilt angle, the lowest score is obtained when the forward distance equals 250 mm. For the BRA, the trend of %MVC caused by the tilt angle varies with the forward distance, but the %MVCs for −45 are relatively high among the three tilt angles. The larger tilt angle showed a higher %MVC for the FCU. For the ECR, the intermediate level of the tilt angle gave a higher %MVC than the other angles. In addition, when the forward distance was decreased, a higher %MVC was noted for the R-TA and L-TA. Table 2 shows the average and maximum absolute errors of the response surfaces. Irrespective of the target muscles, the average and maximum errors are less than 0.5 %MVC and 0.8 %MVC, respectively. Table 3 shows the weight coefficients of the TPL function. The response surface for the FCU (w 2 = 0.670) has the highest weight coefficient, followed by those of the LD (w 4 = 0.253), ECR (w 3 = 0.066), and BRA (w 1 = 0.011). The weight coefficients for the lower limbs, i.e., the R-RF, L-RF, R-TA, and L-TA, are zero. 
Accuracy of response surfaces and weight coefficients of TPL function
Optimum handrail installation
The optimum solution for the entire range of users was determined at ( * , d std * ) = (−38.4, 300 mm) by solving the optimization problem given by Eqs. (6)- (9). The weight coefficients used are shown in Table 3 . In addition, the optimum solution for the standard user, that is, the 50th percentile of the acromial height, was determined at ( * , d std * ) = (−45.0, 267 mm). Figure 4 shows the optimum installation positions for both the standard user and the entire range of users. Table 4 shows the average, minimum, and maximum TPL and each %MVC of the optimum for both the standard user and the entire range of users. It also shows the TPL and %MVC of each target muscle at the intermediate level.
Note that the TPL is normalized from 0 to 1. In addition, the intermediate tilt angle level is 0; hence, the forward distance is constant irrespective of the grasping height. Therefore, the TPL and %MVC at the intermediate level are also constant. Figure 5 shows the TPL and %MVC for the FCU and LD, which have a relatively high weight correlation coefficient in the three installation positions. Except for the BRA, the average %MVCs of the optimum for the entire range of users are almost the same as or less than those of the intermediate level; for the ECR in particular, the optimum is approximately 12 %MCV lower than the intermediate level. However, for the BRA, the %MVC of the optimum position for all users is approximately 1.8 %MVC higher than the intermediate level. On comparison, two of the eight muscles showed a lower average %MVC of the optimum for the standard user than for all the users. The results showed approximately 1.2 %MVC lower for the BRA and approximately 2.7 %MVC lower for the ECR. The differences in %MVC for the other six muscles between the entire user range and the standard user are less than 1 %MVC. However, the maximum %MVCs of the optimum for the entire range of users is lower than those for the standard user for four of the eight muscles. They were approximately 4.3 %MVC lower for the LD, 1.9 %MVC lower for the R-RF, 2.7 %MVC lower for the R-TA, and 1.5 %MVC lower for the L-TA. The maximum %MVC of the ECR for the standard user is 1.9 %MVC lower than that for the entire user range. The differences in the maximum %MVC for the other three muscles, that is, the BRA, FCU, and L-RF, are less than 1 %MVC.
Discussion
EMG
The handrail installation position affects the physical load during the STS movement because the %MVCs of all the muscles except the R-RF and L-RF exhibit significant differences with changes in either the tilt angle, the forward distance, or both. This correlates with the result that the tilt angle and forward distance significantly affect the subjective score.
The %MVCs of the R-RF and L-RF are not affected by the installation position. Yamada et al. (2004) reported that the RF might serve mainly to transfer the center of mass upward. The seat height in this study was kept constant; thus, the muscle load in transferring the body mass would also be constant. Therefore, no significant difference in the %MVCs of the R-RF and L-RF was noticed with changes in the installation position.
The palm of the subjects faced vertically downward when they grasped the handrail with a tilt angle of 45. In addition, the palms faced horizontally leftward when the tilt angle was 0 or −45. Therefore, the wrist joint exhibits larger palm flexion for the tilt angle of 45 than for that of 0 or −45. This explains the relatively high %MVC for the tilt angle of 45 in the FCU, which is the agonist muscle of palm flexion. The wrist joint is in the ulnar-deviated position on grasping the handrail with a tilt angle of 0 but not for −45 and 45; hence, it exhibits larger radial deviation during the STS movement. Therefore, the ECR, which is the agonist muscle of radial deviation, exhibits a high %MVC for the tilt angle of 0. The %MVCs for the FCU and ECR are relatively low for the tilt angle of −45. A relatively high %MVC is noted for the BRA, which is the agonist muscle of elbow flexion. The handrail with a tilt angle of −45 keeps the wrist joint in the neutral position; therefore, the subjects stand up mainly by elbow flexion.
The shoulder joint exhibited larger backward extension for a shorter forward distance because the body's trunk is close to the handrail. Therefore, the %MVC for the agonist muscle of shoulder extension, the LD, increases with decreasing forward distance.
The TA is the agonist muscle of dorsal flexion of the ankle joint. Increasing the forward distance results in a larger forward flexion of the trunk and a larger forward transfer of the center of body mass; hence, dorsal flexion of the ankle joint occurs. Therefore, a longer forward distance supports dorsiflexion of the ankle joint; hence, the %MVC of the TA decreases.
The trend of the subjective scores does not correspond to the %MVCs of the target muscles. In addition, the trends of the %MVCs do not correspond with each other. Thus, to evaluate the physical load of the STS movement, multiple %MVCs should be evaluated simultaneously.
Weight coefficients of TPL function
The weight coefficients for the EMGs of the upper limb muscles, which are the BRA, FCU, ECR, and LD, are positive, whereas those of the lower limb muscles, the R-RF, L-RF, R-TA, and L-TA, are zero. Therefore, the muscle loads on the upper limbs determine the ease of the STS movement using a handrail. The differences in the %MVC with changes in the installation position are 10−18 %MVC for the upper limb muscles and 5−8 %MVC for the lower limb muscles. From the results, it is understood that the lower limb muscles are less affected by the installation position than the upper limb muscles. Hence, the weight coefficients for the lower limbs are zero. Among the four upper limb muscles, the weight coefficient of the FCU is the highest, followed by that of the LD. Therefore, the reduction in the muscle load of the FCU and LD, which are associated with palmar flexion of the wrist joint and backward extension of the shoulder joint, greatly improves the ease of the STS movement when handrails are used. The optimum for the entire range of users reduced the %MVCs of all the target muscles except the BRA, when compared with the intermediate level. Hence, we concluded that the optimization of Eq. (6) can determine the handrail installation position that reduces the physical load during the STS movement. The trend in the EMGs with installation position varies among the muscles; thus, it is hard to minimize all the EMGs simultaneously. The TPL function formulated in this study consists of the EMGs of the BRA, FCU, ECR, and LD. Among these four EMGs, that of the BRA showed the lowest weight coefficient. Therefore, the %MVC for the BRA is not improved in the optimum for all the users because the influence of the EMG of the BRA on the TPL is lower than that of the other EMGs.
Optimum handrail installation for multiple users
From the comparison of the %MVCs between the optimum for the entire range of users and that for the standard user, the optimum for the former achieves a lower value for the maximum %MVC, whereas the optimum for the latter achieves a lower value for the average %MVC. This implies that the optimum for the entire range of users controls the variability of the %MVCs among multiple users. That is, on applying the optimum installation position for all the users, the %MVC will not dramatically increase for any user. Figure 5(a) shows that the optimum for the standard user determines a relatively low TPL around the 50th percentile of the acromial height (574 mm). However, the TPL becomes higher when the acromial height is far from the 50th percentile, especially when the acromial height is relatively high. The optimum for the standard user has a larger tilt angle against the vertical line and a shorter forward distance compared to the optimum for the entire range of users (see Fig. 4) . Therefore, the forward distance of the optimum for the standard user is shortened for users with high acromial height, and the %MVC for the LD increases, causing an increase in the TPL. Dekker et al. (2007) investigated the optimum forward distance of a vertical handrail having a tilt angle fixed at zero by subjective evaluation; the average optimum distance for their subjects was 338 mm. The optimum forward distances in this study (d = 300 and 267 mm for the entire range of users and the standard user) are closer than that in the previous study (Dekker, et al., 2007) . If a vertical and a tilted handrail are installed at the same forward distance, the wrist joint exhibits larger ulnar deviation for the vertical than for the tilted handrail. In addition, a greater forward distance produces a smaller ulnar deviation when a vertical handrail is applied. Therefore, the optimum forward distance in the previous study becomes further than that in this study so as to avoid undesirable ulnar deviation. The optimum installation position determined in this study is tilted toward the body trunk; thus, the optimum in this study keeps the wrist joint closer to the neutral position and reduces the physical load on the wrist joint compared with that of a vertical handrail.
It is concluded that a handrail used by multiple users should follow the optimum for the entire range of users ( = −38.4 and d = 300 mm at a height of 574 mm from the seat face) determined in this study. However, if the handrail will be used by a limited number of people who are known in advance, for example, when handrails are installed in a single-family house, it may be preferable to apply the optimum for the standard user ( = −45.0, d = 267 mm) at the grasping height of the target users. This is because the optimum for the standard user decreases the TPL more than that for all the users around the acromial height of the target users.
This study was intended for the design of handrail installation positions for unspecified multiple users. In such a case, it is difficult to identify the worst user. Therefore, we assumed that it is preferable to reduce the TPL for the entire range of users, and the optimum design problem was formulated as shown in Eq. (6). However, designing for the worst user may also be an important ergonomic design strategy. The handrail installation position should be determined for the worst user when the users are identified in advance.
Conclusions
In this study, the optimum installation position of a handrail for the STS movement that reduces the physical load of intended multiple users was determined by formulating the optimization problem. The main findings are summarized as follows: 1. The muscle loads measured during the STS movement in this study are affected by the tilt angle and forward distance of the handrail except for those of the R-RF and L-RF. Note that the upper limb muscles are more strongly affected. Because the trends in the muscle loads do not correspond with each other, the handrail installation position was determined by simultaneously evaluating multiple muscle loads. The results are obtained by calculating the inverse matrix. Therefore, the RBF network can be evaluated quickly, and additional analysis can be easily conducted when new data sets are added.
